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A modular microfluidic platform to enable
complex and customisable in vitro models for
neuroscience†
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T. J. Bushell e and M. Zagnoni *b

Disorders of the central nervous system (CNS) represent a global health challenge and an increased

understanding of the CNS in both physiological and pathophysiological states is essential to tackle the

problem. Modelling CNS conditions is difficult, as traditional in vitro models fail to recapitulate precise

microenvironments and animal models of complex disease often have limited translational validity.

Microfluidic and organ-on-chip technologies offer an opportunity to develop more physiologically relevant

and complex in vitro models of the CNS. They can be developed to allow precise cellular patterning and

enhanced experimental capabilities to study neuronal function and dysfunction. To improve ease-of-use of

the technology and create new opportunities for novel in vitro studies, we introduce a modular platform

consisting of multiple, individual microfluidic units that can be combined in several configurations to create

bespoke culture environments. Here, we report proof-of-concept experiments creating complex in vitro

models and performing functional analysis of neuronal activity across modular interfaces. This platform

technology presents an opportunity to increase our understanding of CNS disease mechanisms and

ultimately aid the development of novel therapies.

Introduction

Diseases of the central nervous system (CNS) are the second
leading cause of death globally and the leading cause of
disability-adjusted life years.1 In Europe alone, they are
estimated to affect 165 million people with combined direct
and indirect healthcare costs of around €800 billion per
year.2,3 Furthermore, as most of the western world has an
ageing population, the prevalence and associated burden of
neurodegenerative diseases is set to increase substantially.
The structural and functional organisation of the brain is
complex and so research that leads to an increased
understanding of its physiology in healthy and diseased
states will be critical for the development of novel effective

treatments. However, current in vitro models are often
unable to recapitulate many aspects of the in vivo
microenvironment, especially when considering complex
neuronal circuitry and region-specific responses.4

Furthermore, many animal models fail to recreate the
critical features seen in human disease.5 This dearth of
reliable in vitro and in vivo models makes translation to the
clinical setting difficult and increases the risk of late-stage
failure in clinical trials.6,7 Therefore, advanced tools for
in vitro cell-based experiments are needed to facilitate the
study of complex neuronal networks that more closely
mimic brain structure and function in vivo.

Microfluidics, which has been used in neuroscience
research for almost 20 years,8–10 is a technology that offers
several advantages over traditional cell culture techniques
including the ability to spatially guide neuronal and axonal
growth into ordered patterns whilst enabling the formation
and investigation of synaptically connected neuronal
networks.9 The technology has been applied to a wide range
of applications in neuroscience research, including the study
of neurodegenerative diseases,11,12 co-cultures with glial and
other cell types,12–15 recreation of specific networks and
multi-regional modelling,16–19 axonal insult and
regeneration,20,21 3D culturing and modelling of the blood–
brain barrier22–25 and has been used with patient-specific
iPSC-derived neuronal cultures.26,27 Despite the tremendous
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opportunities offered, widespread uptake of microfluidics in
neuroscience research has been limited by the lack of in-
house microfabrication facilities and the requirement of
specialist equipment, as well as limited experimental
flexibility due to the fixed-layout of commercially available
devices.9,10,28 Therefore, microfluidic devices that can be
easily reconfigured by assembling their components into
user-defined geometries, could be suitable for a broad range
of research applications and would offer a flexible solution to
the design of experiments where complex cellular
architecture is required. Such a platform may facilitate the
uptake of microfluidic technology in many neuroscience
laboratories, providing the end user with numerous
possibilities to design bespoke and physiologically relevant
in vitro neuronal cultures and enhance their research
capabilities. Recently, modular microfluidic approaches have
been developed using soft-lithography, 3D printing and
pressure-sealing approaches.28–35 Microfluidic assembly
blocks have been moulded using SU8 (ref. 34 and 35) with
integrated tongue-and-groove interlocking features,33 whilst
other examples have been directly inspired by Lego®,
utilising 3D printing29 or micromachining30 and relying on
native PDMS hydrophobicity, o-ring integration and tubing
for leak-free assembly between components. However, these
examples have been focussed on creating customisable
chemical assays or basic cell assays, with a lack of
architectures suitable for complex cell network formations
between modules.

Here, we present a novel modular microfluidic platform
for in vitro neuroscience research, composed of multiple
interlocking units that interface via protrusions and
intrusions on a pressure sensitive adhesive film. This
design provides the user freedom to build customisable
microfluidic devices that can be reconfigured to develop
bespoke in vitro neuronal cultures for numerous assays
within one modular system. The protocols do not require
specialist equipment for platform assembly. As proof-of-
concept work, we show a range of modular configurations
and related applications to assess the growth and
functionality of primary rat hippocampal cell cultures.
Immunocytochemical staining confirmed robust neurite
growth across module interfaces and shows that this can
be influenced by edge-guided microchannel patterns.36

Calcium imaging confirmed that cell cultures are
functional, and that synaptic communication occurs across
multiple modular interfaces. Furthermore, by utilising pre-
formed fibrils of alpha synuclein to induce Lewy body-like
pathology, we were able to demonstrate that our modular
platform can be used to study the mechanisms which
underlie the spread of pathological proteins in
neurodegenerative diseases. Overall, this modular platform
is a researcher-friendly tool for creating complex and
customisable neuronal cultures, enabling the development
of innovative cell-based assays to advance our
understanding of the physiology and pathophysiology of
CNS disorders.

Results
Principle of modular assembly and device configurations

The PDMS modules were designed by adapting common
microfluidic features present in the literature to a modular
interlocking approach based on intrusions and protrusions
(Fig. 1a). The modules consist of cell culture chambers with
small microchannels and an outward lip, termed protrusion
(Fig. 1a-i), and one or multiple culture chambers with an
inner cavity, termed intrusion (Fig. 1a-ii). By interfacing
protrusion and intrusion features of different modules,
several microfluidic device configurations could be obtained,
enabling serial and parallel neuronal culture conditions. A
width of 12 mm was arbitrarily selected for the interfacing
section between protrusions and intrusions, as this provided
a suitable length for the microchannel array as well as for
bonding to the substrate. In laser cut acrylic moulds, the
average width of a protrusion was 11.95 ± 0.01 mm (n = 10)
whilst the average width of an intrusion was 11.65 ± 0.01 mm
(n = 26). The module height (H) and interface height (h) were
determined by the thickness of the acrylic moulds used for
module fabrication (see Materials and methods). These
modules, when combined, provide a lateral ‘overlap’, where
the width of the protrusion (P) is slightly larger than the
width of the intrusion (I), to enable a press-fit water-tight seal
aided by PDMS–PDMS conformal bonding29 on the PSA film
(Fig. 1a-iii). The success rate in achieving leak-free interfaces
when press fitting any two randomly selected modules was
66% using only ethanol solution for priming/sterilising the
devices. However, it is noted that the majority of leaking
interfaces did not present disruption in achieving successful
cultures or perform assays. Nonetheless, to minimise this
unwanted effect when using multi module large devices, a
small drop of premixed PDMS was placed at either side of
the interface, eliciting an overall success rate of around 90%.
As proof-of-concept, four different modules were designed
(Fig. 1b) to create a wide range of device configurations and
subsequent assays. The combination of such modules
permits the creation of bespoke devices with many culture
chambers connected in series and/or parallel (Fig. 2).

The interface between modules does not present a barrier to
neurite outgrowth

To assess the capabilities of the modular system in
permitting cellular growth and connectivity across the
protrusion-intrusion interfaces when combined with a PSA
film substrate, modular 2-chamber devices were initially
tested. Protocols were adapted from monolithic devices37,38

to obtain successful cell culture and synaptic connectivity
between modules. Cellular distribution was evident
throughout culture chambers as confirmed with βIII-tubulin
staining (Fig. 3a-i), with the presence of neurite growth
between separate modules and astrocyte protrusions only
seen in the entrances to microchannels (Fig. 3a-ii and iii).
The interface was tested using straight channels as well as
edge-guided microchannel patterns to achieve unidirectional
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axonal growth across the microchannels (Fig. 3b-i–iii). For
the latter, a pattern of ‘heart and arrow’ structures were
used,36 this encouraged forward neurite growth (Fig. 3b-iv)
whilst preventing reverse neurite outgrowth (Fig. 3b-v) after
14 DIV (Fig. S1†). Subsequently to this, functionality of
neuronal cultures grown across the modular interface was
tested.

Functional synaptic connectivity is observed between
individual modules

Ca2+ imaging protocols previously developed for probing
functional synaptic connectivity between fluidically
isolated neuronal populations were adapted for modular
2-chamber devices (Fig. 4a).37,38 Here, we show that

Fig. 1 The protrusion–intrusion interface is assembled by press-fitting two modules together over a pressure sensitive, biocompatible film. a
Schematic of (i) a protrusion presenting module with width P and (ii) an intrusion presenting module with width I. When combined, a sealed
interface is produced on the film, forming a microfluidic device for neuronal culture (iii). The protrusion/intrusion section has height h, while the
main module body has height H. b Images of the four PDMS modules produced, consisting of modules with (i) one protrusion, (ii) one intrusion,
(iii) one protrusion and one intrusion and (iv) four intrusions. Scale bars = 5 mm.

Fig. 2 A range of multi-module devices with series or parallel culture configurations can be obtained by combining the individual PDMS units.
Examples of device configurations where different coloured solutions highlight the culture chambers in each module. a A two-module device. b A
three-module device. c A four-module device connected in series. d A five-module device with four modules independently connected to a
central module, demonstrating parallel connectivity. e A six-module device connected in series. Scale bars = 10 mm.
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hippocampal cultures are healthy and synaptically
connected between chambers, as demonstrated by an
increase in calcium responses from neurons after direct
and indirect chemical stimulation (Fig. 4b and c).
Fluidic isolation between all chambers was maintained
using appropriate hydrostatic pressure conditions (Fig.
S2,† for validation of protocol) and cellular activity
monitored over a period of 3 minutes, with G added at
t = 1 minute, followed by KCl at t = 2 minutes
(Fig. 4a and b) (Movie S1 in ESI†).

First, glutamate (G, 100 μM) was added to one culture
chamber (chamber highlighted in blue in Fig. 4a), resulting
in an increase in the number of Ca2+ events from 0 events/
s to 18.28 × 10−3 ± 0.21 × 10−3 events/s (p < 0.0001,
baseline vs. G, n = 62 cells in 3 devices from 3 separate
cultures). An increase in Ca2+ events was also observed in
the indirectly stimulated but synaptically connected
adjacent neurons, from 0 events/s to 8.31 × 10−3 ± 0.61 ×
10−3 events/s (p < 0.0001, baseline vs. G, n = 203 cells in 3
devices from 3 separate cultures) (chamber highlighted in
black in Fig. 4a). To further assess functionality, KCl (30
mM) was subsequently added to the previously indirectly
stimulated side (chamber highlighted in black Fig. 4a),
where an increase in Ca2+ events from 0 events/s to 17.35 ×
10−3 ± 0.20 × 10−3 events/s (p < 0.0001, baseline vs. KCl)
was obtained. This also elicited an increase from 0 events/s
to 23.92 × 10−3 ± 1.25 × 10−3 events/s (p < 0.0001, baseline
vs. KCl) in the opposite culture chamber, showing

bidirectional synaptic communication in hippocampal
cultures.

Neuronal networks grown across modular interfaces are
amenable for in vitro studies of neurodegeneration

To show proof of concept regarding suitability of the platform
for studying mechanisms of neurodegeneration, a 3-module
device was used where one chamber (highlighted in red in
Fig. 4d-i) was seeded with α-synuclein pre-formed fibrils (PFFs)
to induce the formation of cellular aggregates which can be
detected by the appearance of phosphorylation of α-synuclein
at serine-129 (pSer-129-αSyn), a disease-specific biomarker
used to detect Lewy bodies in Parkinson's disease39 (Fig. 4d). In
the target chamber (red/chamber 1, Fig. 4d-i), the PFFs
produced pSer-129-αSyn, evident by the typical punctate and
thread-like pSer129 staining (Fig. 4d-ii), used as an unbiased
measure of molecular pathology.40,41 pSer-129 staining was
also evident in the adjacent synaptically connected but
fluidically isolated chamber 2 (Fig. 4d-iii), with a reduced level
of 0.12% ± 0.01% compared with 0.46% ± 0.08% in the target
chamber (p = 0.03) and no punctate or thread-like staining
observed in chamber 3. This reduction in pSer-129-αSyn
staining in non-target chambers is indicative of spread of
pathological alpha-synuclein across modules. To prevent
passive transport of PFF solution between the target and
adjacent chambers, a hydrostatic pressure gradient towards

Fig. 3 Immunocytochemical staining confirms neurite growth of primary rat hippocampal cells cultured across a protrusion–intrusion interface in
2-chamber modular devices. a Cellular distribution is evident throughout culture chambers (i) of both a protrusion (left) and an intrusion (right)
module after 14 DIV, with (ii) neurites able to cross the modular interface and (iii) grow throughout microchannels. Green = βIII-tubulin, red =
GFAP. Scale bars = (i) 500 μm and (ii and iii) 100 μm. b Modular two-chamber device containing ‘heart-arrow’ edge-guided microchannels to
direct neurite growth. (i) Heart-arrow microstructures enabling permissive (green) and inhibitive (red) edge guidance of neurites and (ii)
representative brightfield image of PDMS microchannels. (iii) Device schematic of edge-guidance, with (iv) permissive growth in the forward
orientation (green) and (v) inhibiting growth in the reverse orientation (red). Inserts show neurite presence or absence in microchannels. Red and
green = βIII-tubulin. White dashed line indicates the modular interface and edge of microchannel region. Solid white line indicates edge of
adjacent culture chamber. Scale bars = 200 μm.
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the target chamber was created following established protocols
(Fig. S2†).

Functional connectivity is observed across multiple modular
interfaces

To probe functional synaptic connectivity across multiple
modules, modular 3-chamber devices were examined. βIII-
tubulin revealed uniform neuronal distribution throughout
the culture chambers in the three modules (Fig. 5a). Ca2+

imaging experiments were designed to assess neuronal
functionality across multiple modules. Cells in chamber 1
(red) were directly stimulated using 0 Mg2+, which has been
previously shown to enhance neural activity over extended
periods of time,42–44 resulting in Ca2+ responses recorded in
chamber 2 (green) and chamber 3 (blue), (Fig. 5b). Fluidic
isolation between all chambers was maintained using
appropriate hydrostatic pressure conditions and cellular

activity monitored over a period of 30 minutes at regular
intervals (Fig. S2†).

Approximately 20 minutes after the addition of 0 Mg2+

HBS to chamber 1, an increase in activity was observed in
both the indirectly stimulated cell populations (chambers 2
and 3) with respect to unstimulated cases. In chamber 2,
there was an increase in Ca2+ events from 0 events/s over the
baseline period (t = 0–2 minutes) to 0.74 × 10−3 ± 0.16 × 10−3

events/s over the post-incubation period (t = 20–30 minutes)
(p < 0.0001, baseline vs. post-incubation, n = 64 cells from 2
separate devices from 2 separate cultures), and in chamber 3
this increased from 0 events/s to 0.72 × 10−3 ± 0.16 × 10−3

events/s (p = 0.0001, baseline vs. post-incubation, n = 57 cells
from 2 devices from 2 separate cultures) (Fig. 5d, left). In
control experiments, the addition of normal HBS solution to
chamber 1 in place of the 0 Mg2+ HBS did not elicit a
significant increase in neuronal events (Fig. 5d, right). These
results suggest the spontaneous generation of activity in

Fig. 4 Immunocytochemical staining and calcium imaging confirms primary rat hippocampal cells grown across a protrusion–intrusion interface
are synaptically connected and amenable to neurodegenerative in vitro studies. Ca2+ imaging (10–12 DIV) revealed functional connectivity between
fluidically isolated cell populations, suggesting primary hippocampal cultures are healthy and the modular interface does not create a barrier to
functional synaptic connectivity. a Schematic of a 2-module device, with culture chambers connected by linear microchannels. b Representative
fluorescence intensity traces of Ca2+ response for a single neuron in the direct (blue) and indirect (black) chambers, where glutamate was applied
to the blue chamber only and KCl to the black chamber only. NFU = normalised fluorescence units. c The number of Ca2+ events increases in both
chambers in response to direct and indirect chemical stimulus. Chart shows mean ± S.E.M., n = 62 cells in direct side and 203 cells in indirect side
of 3 devices from 3 separate cultures. A one-way ANOVA with Tukey's multiple comparison's test was used to compare events/s. **** = p <

0.0001 vs. baseline. d Modular devices can be used as tools for investigating neurodegenerative disease mechanisms. (i) Schematic of a 3-module
device where PFFs were added to chamber 1 (red module) after 7 DIV, with cells fixed and stained after 14 DIV. (ii) pSer129 staining indicates
internalisation and phosphorylation of α-synuclein fibrils, evident by both punctate and thread-like features (red) and (iii) subsequent appearance
of phosphorylated α-synuclein to a fluidically isolated but synaptically connected adjacent neuronal population. Scale bars = 5 μm. (iv) The level of
pSyn in each chamber of 3-module device (d), was calculated as a percentage of the level of βIII-tubulin, demonstrating a reduction in the non-
target chamber 2, whilst no pathological-like staining was observed in chamber 3 (n = 2 images from each chamber of 1 device).
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chambers 2 and 3 is due to functional connectivity with cells
in chamber 1 following the 0 Mg2+ HBS incubation period
(Movie S2†).

Multi-modular devices allow the formation of complex
interconnected cultures for novel assays

To further demonstrate the potential of our modular
platform, we produced devices with complex geometries
comprised of multiple modules (Fig. 6). These included a
4-chamber device with all chambers interconnected in series
(Fig. 6a), a 5-chamber device using the central intrusion
module to highlight parallel connectivity (Fig. 6b) and a
6-chamber device to show a more complex device with
cultures connected in series (Fig. 6c). The maximum number
of modules used in the present study was six due to the
dimensions of the glass slides used for improving the

stability of the assembled devices. However, more modules
could be used as required using larger glass slides. These
more complex configurations showed cellular distribution
throughout culture chambers with neurites entering
microchannels and transecting the modular interface.

Discussion

Here, we show proof-of-concept work using a modular
microfluidic platform which enables the production of
complex, user-defined cellular culture patterns. The platform
comprises multiple microfluidic PDMS modules that
interface via a simple protrusion–intrusion, self-sealing
mechanism on a pressure sensitive adhesive film substrate.
We demonstrate, using primary hippocampal cultures, that
functional synaptic connectivity is maintained across the
modular interface and show a range of device configurations

Fig. 5 Functional synaptic connectivity is observed across multiple modular interfaces. a A 3-module device seeded with primary hippocampal
cultures indicating uniform neuronal cell distribution, evident by βIII-tubulin staining (green). White dashed lines indicate outline of individual
modules. Scale bar = 1 mm. b Timeline and schematic of Ca2+ imaging experiment in 3-module devices with 0 Mg2+ HBS solution (stimulant) used
to increase neuronal activity. The stimulant was added to chamber 1 (red), with recording between chambers 2 (green) and 3 (blue) (red dashed
box). c Fluorescence intensity traces of neuronal Ca2+ response in chambers 2 (left) and 3 (right) following addition of either (i) 0 Mg2+ HBS or (ii)
normal Mg2+ HBS (vehicle solution), with an increase in activity observed following the addition of 0 Mg2+ HBS, compared to control. NFU =
normalised fluorescence units. d Increase in neuronal Ca2+ events from the baseline period (t = 0–2 minutes) to the period following incubation
with the stimulant (t = 20–30 minutes) in both chambers 2 and 3. Scatter chart shows mean ± S.E.M., n = 64 responsive neurons in chamber 2 and
57 responsive neurons in chamber 3 from 2 separate devices/cultures loaded with stimulant and 12 responsive neurons in chamber 2 and 30
responsive neurons in chamber 3 from 1 device/culture loaded with the control. B = baseline, V = vehicle. A one-way ANOVA was used to compare
events in each chamber over the baseline period (t = 0–2 min), the period following 0 Mg2+/V addition (t = 2–8 min) and the post-incubation period
(t = 20–30 min). *** = p < 0.001 and **** = p < 0.0001 vs. baseline. ns = non-significant (p > 0.05).
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to suggest potential applications. Our proposed modular
system offers unrivalled flexibility for the development of a
vast array of user-specified assays to enable novel in vitro
neuroscience research, which is simply not possible with
traditional monolithic device equivalents. Given the specific
challenges in brain disorders, drug discovery and the
translational issues with animal models, improved in vitro
models are likely to play a pivotal role by recapitulating
specific circuitry and microenvironmental conditions.

The use of adhesive tapes for assembling devices enables
cost-effective and simple assembly, while the specific use of
pressure sensitive adhesive films provide bond strengths
similar to plasma bonding.45 Additionally, the use of a non-
permanent bonding mechanism enables disassembly of
PDMS modules and their subsequent reuse, enabling greater
flexibility. The four modules we have designed provide the
ability to create complex culture networks to recapitulate
specific circuitry as seen in vivo, permitting the assembly of
multiple chambers connected in series (using sequential
protrusion-intrusion modules) or in parallel (using the
central all-intrusion module). The arbitrary interface
dimensions used in this work enable practical integration of
microfluidic components and their self-sealing. The laser
cutting tools used to produce the acrylic moulds generated
typically smooth surfaces for casting PDMS, but sometimes
produced irregular features in the vertical walls of the
resulting PDMS modules (due to defects produced by
localised melting of the acrylic), culminating in weak seals at
the interface. Characterisation of any two modules combined

showed a success rate of 66% using ethanol priming to achieve
leak-free interfaces. Therefore, as a provisional measure,
premixed liquid PDMS was applied at the interfaces to decrease
leakage occurrence when using multi-module devices. Further
investigation into alternative fabrication methods for the
moulds and module material (including hard plastic) is
required to produce defect-free modules, ensuring consistent
hermitic sealing and provide scalability of the modules for
mass production. This could include the use of 3D printing,
thick film SU8 resists for creating moulds46–48 as well as
alternative soft lithographymaterials.49,50

Typical microfluidic device preparation involves the use of
oxygen plasma treatment to render surfaces hydrophilic and
also sterile.51,52 However, this presents a barrier to
microfluidic use in neuroscience laboratories where such
equipment is typically not available. To solve this, we have
developed protocols using a 70% ethanol solution for
priming microchannels to improve wettability and sterilising
devices, an alternative procedure available to all laboratories,
and compared this to oxygen plasma treated devices. Whilst
the majority of cultures were successful using 70% ethanol,
the occurrence of air bubbles was more frequent than with
oxygen plasma. Therefore, further protocol optimisation is
required to prevent bubble formation in channels and
improve hydrophilicity of PDMS in solvent-sterilised devices.
Regarding the coating procedure with adhesion molecules
(e.g. poly-L-lysine), similar results to oxygen plasma treated
devices were achieved using ethanol–water solutions when
incubations were performed overnight, obtaining improved

Fig. 6 The modular system enables the production of complex in vitro neuronal cultures and customisable assays. a A 4-module device with all
modules interconnected in a loop. b A 5-module device with four modules independently connected to a central module, highlighting parallel
connectivity. c A 6-module device with all modules connected in series. Green = βIII-tubulin, red = GFAP, cultures fixed and stained after 14 DIV.
Red dashed lines indicate location of imaging and white dashed lines indicate the outlines of individual modules. Scale bars = 1 mm.
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culture conditions with uniform cellular distribution
throughout culture chambers.

As proof-of-concept work, we have shown configurations
using a maximum of six chamber devices to demonstrate
complex neuronal cultures and examples of series and
parallel chamber connections. However, the protrusion–
intrusion modular interfacing system would enable extended
designs, providing a high degree of flexibility for multi-
module connectivity. We acknowledge that for this, the
development of a substrate that would support a higher
number of modules is required, or potentially developing
smaller modules with a footprint similar to those used for
well plate assays to guarantee interfacing with existing
imaging equipment.

Uniform cellular growth and distribution was evident
throughout all culture chambers. Whilst this has previously
only been demonstrated in monolithic microfluidic
devices,8,38,53 these results show that our modular interface
design does not present a barrier to neurite outgrowth
between separate device modules. This highlights the
possibility for creating large, interconnected networks with a
greater degree of flexibility and control over regional
manipulation, beyond that of the traditional monolithic
devices currently available. Further, the integration of edge-
guiding microstructures in the modules demonstrates the
ability to use this platform to create defined in vitro networks
and establishment of specific circuitry seen in vivo, with
either permissive or prohibitive neurite growth depending on
their orientation. Whilst we arbitrarily used a pattern of
hearts and arrows in this study for demonstrating proof-of-
concept directionality, other structures can equally be
implemented.17,54,55 The use of pre-formed fibrils to induce
α-synuclein pathology has been well documented for its
ability to study misfolding and aggregation in cultures with
normal levels of endogenous α-synuclein.41,56–58 Here, we
have demonstrated the induction of α-synuclein pathology
and subsequent spread of pathology across the modular
interface between fluidically isolated but synaptically
connected neurons. This shows that the functionality
obtained by this modular system is equivalent to that of
monolithic devices, but can enable the pathological spread
via synaptic connectivity to be examined in more complex
networks.

Ca2+ imaging confirmed healthy primary hippocampal cell
growth on the PSA substrate and functional connectivity
across the modular interface between separate modules
(Fig. 4). The use of a 0 Mg2+ solution increases spontaneous
neuronal activity over an extended period of time,44 thus
creating a favourable condition to observe responses to
indirect stimulation in downstream modules, as opposed to
just the one large response seen when using glutamate as a
stimulant38 (Fig. S4†). The 0 Mg2+ induced spiking activity
enabled downstream observation of secondary cellular
responses in the central intrusion-protrusion chamber and
subsequently tertiary responses seen in the protrusion
chamber (Fig. 5). The increased activity observed in both

indirectly stimulated chambers in fluidic isolation is
indicative of functional synaptic connectivity across the three
modules, as this was absent in the control.

Themain attraction of this platform is the ability to produce
bespoke devices and assays within one researcher-friendly
system that does not require microfabrication facilities. These
characteristics present a significant step forward for
researchers to design devices suitable to their needs and
ultimately contribute to a greater understanding of brain
circuitry and its alteration in CNS disorders. Ultimately, organ-
on-chip systems that provide enhanced experimental
capabilities will contribute to a reduction in animal use and
speed up the drug development process through the improved
predictably of response and relevance to human physiology.
Future opportunities include the development of other
modules that can provide further features, such as 3D culture
and the development of structures including the blood–brain
barrier22,23,59 using non-neuronal cell types. Despite our focus
on neuroscience applications, this modular platform would
also offer a major step forward in developing body-on-chip
systems, as reviewed elsewhere.60 In this case, a modular
platform would provide the ability to combine multiple
components, each with a separate cell type, interconnected to
recapitulate the in vivo organisation.

Materials and methods
Module fabrication and preparation

Microfluidic devices were fabricated in polydimethylsiloxane
(PDMS) using standard soft- and photo-lithography
techniques, as previously described.37,38 Briefly, silicon
masters with microfluidic features were produced through a
two-layer microfabrication process depositing photoresist
(SU8) on its surface. The first layer (SU8 3010) formed
microchannels for connecting the culture chambers with a
thickness of 14 μm (10 μm wide and aiming for a length of
500 μm between chambers), while the second layer (SU8
3035) formed the main culture chambers with a thickness of
100 μm (1500 μm wide and length dependent on modules,
see Table S1†). The silicon masters were then silanised by
vapour deposition of 1H,1H,2H,2H-perfluorooctyl-
trichlorosilane (Sigma Aldrich, UK) for 1 hour.

To produce modular devices, two laser-cut acrylic sheets (3
mm thick) were used to mould 3-dimensional (3D)
interlocking protrusions and intrusions (Fig. 1). Laser cutting
was carried out using a VLS 6.60 (Universal Laser Systems,
AZ, USA) using standard parameters as set in the dedicated
software (60 W, 100% power and 8% speed). Dimensions for
the acrylic sheets were set at 12 mm for intrusions and 11.7
mm for protrusions in drawing files. The first sheet was
clamped to the silicon master wafer to create the protrusion/
intrusion layout (Fig. S2†). PDMS was mixed at a 10 : 1 ratio
(base to curing agent) and poured into the mould cut-outs.
This was degassed for 15 minutes and cured in an oven at 80
°C for 30 minutes, while excess PDMS was left to fully degas.
After curing, the first layer of PDMS was left to cool and the
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clamps were removed. The second acrylic sheet was then
aligned and clamped onto the first sheet, with degassed
PDMS poured to create the top layer of the module and cured
at 80 °C for 3 hours. After cooling, clamps were removed, and
the moulds peeled from the wafer. PDMS modules were
removed from the moulds and eventual excess PDMS (caused
by defects in the acrylic moulds) was trimmed using a sharp
scalpel or blade, with open wells created using a biopsy
punch. All devices were cleaned and rinsed with isopropyl
alcohol (IPA) and de-ionised (DI) water prior to assembly.

Device assembly

Modules were bonded reversibly to a single sided pressure
sensitive adhesive (PSA) film, Excel Scientific ThermalSeal®
RTS (Sigma Aldrich, UK) to create enclosed microfluidic
devices.45 The PSA film was cut to size and the backing film
removed. Individual modules were placed sequentially on the
PSA film, according to the desired device configuration, and
pressure applied by gently pushing down each module. To
improve the structural stability and to facilitate microscopic
imaging of devices with multiple modules, a glass substrate,
such as a glass coverslip or microscope slide, was attached to
the PSA film using a double-sided adhesive film (3M 96042,
FindTape, USA). A small amount of PDMS was deposited
around the interface between modules and left to cure (RT,
24 hours) to improve hermetic sealing when using large
devices. All devices were visually inspected for undesired
features (channel blockage or failed bonding) under an
inverted microscope prior to use.

Preparation for cell culture

Assembled devices were primed either with a solution of 70%
ethanol or with oxygen plasma (Pico A Plasma Asher, Diener
Electric, Germany) to test and compare wettability of the
PDMS surfaces and achieve sterile conditions. Subsequently,
sterile poly-L-lysine (PLL, 10 μg ml−1, 1 h) or poly-L-ornithine
(PLO, 100 μg ml−1, 3 h) was added to each open well to coat
the channels, thus aiding cell attachment. Channels were
then rinsed 3× with sterile supplemented Neurobasal-A
medium (2 mM L-glutamine and 2% v/v B27 with 50 U ml−1

penicillin and 50 μg ml−1 streptomycin). Devices were then
stored in a humidified incubator prior to cell culture.

Primary hippocampal cell culture

Cell culture was performed as previously described.37,38

Briefly, Sprague Dawley rat pups (1–3 days old) were killed via
cervical dislocation, in accordance with schedule 1 of the
Animals (Scientific Procedures) Act 1986, the brain rapidly
removed, and the hippocampus dissected out. The
hippocampi were chopped into small pieces and incubated
in papain solution (1.5 mg ml−1, 20 minutes) followed by
gentle trituration in bovine serum albumin solution (BSA, 10
mg ml−1). Papain and BSA were made in an enzyme solution
consisting of, in mM: 116 NaCl, 5.39 KCl, 26 NaHCO3, 1.3
NaH2PO4, 1.02 MgSO4, 0.5 EDTA, 25 glucose, 1.98 CaCl2. Cells

were counted using a haemocytometer then resuspended in
Neurobasal-A culture medium supplemented with
L-glutamine (2 mM) and B27 (2% v/v) at a density of 3–5 × 106

cells per ml. Penicillin–streptomycin (50 U ml−1 penicillin, 50
μg ml−1 streptomycin) was added to the medium for rinsing
and seeding. Cells were pipetted into the device chambers via
open wells and incubated for 10–15 minutes prior to filling
each well with culture media. The volume of cell suspension
used varied by module: 9 μl added to an intrusion module,
17 μl added to a protrusion module, 30 μl added to a
combined protrusion-intrusion module and 42 μl total added
to an all-intrusion module (see Table S1†). 24 hours after
seeding, the medium was completely replaced with antibiotic
free culture media. Devices remained in a humidified
incubator for 10–14 days in vitro (DIV) prior to
experimentation, with media replenished every 2–3 days by
exchanging half the well volume.

Preparation of synuclein pre-formed fibrils

Native sequence human alpha-synuclein was expressed in
Expi293F cells. The protein was recovered from the culture
media via anion exchange using a HiTrap Q column (GE
Healthcare). The column was washed with 20 mM Tris/HCl
pH 8.0, and protein eluted using a sodium chloride gradient
to 400 mM. Fractions were concentrated and desalted by
passing over a HiPrep 26/10 column (GE Healthcare) and
eluted with 20 mM Tris/HCl pH 8.0. The protein was further
purified using a MonoQ 10/100 GL column, eluted with a
sodium chloride gradient to 400 mM in 20 mM Tris/HCl pH
8.0, followed by gel filtration on a HiLoad 26/600 Superdex 75
column (GE Healthcare), with elution in PBS pH 7.4.40

Alpha-synuclein fibrils were obtained by agitating purified,
recombinant alpha-synuclein monomer (9–10 mg mL−1 in
PBS pH 7.4) at 1200 rpm, 37 °C in a Vortemp 56 shaking
incubator (Labnet), shaking continuously for 10 days. Fibril
formation was assessed by JC-1 assay61 and Fourier transform
infrared spectroscopy of the solution. Unincorporated
monomer in the fibril solutions was assessed by
ultracentrifugation and by passage through a 100 KDa cut-off
membrane followed by gel electrophoresis. The prepared
fibrils were stored at −80 °C.

α-Synuclein pre-formed fibril seeding

Hippocampal cultures were prepared as before, with
α-synuclein pre-formed fibrils (PFFs)40 added after 7 DIV.
Prior to their addition (final concentration 1 μg ml−1), PFF
aliquots were wrapped in parafilm and sonicated in a water
bath to reduce fibril size and improve seeding (35 °C, 37
kHz, 25 minutes – ∼5 minutes on, 1 minute off and repeat).
Hydrostatic pressure gradients were induced, by
appropriately altering well volumes, to prevent flow of PFFs
from target chambers to adjacent chambers (see Fig. S2†).
PFFs were added to one open well of the target chambers
and incubated for 15 minutes. This was repeated by adding
PFFs to the opposite open well of the same chamber, and
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once again into the initial well. Finally, PFF solution was
washed, and fresh media added to all wells creating a flow
gradient across the microchannels to prevent possible
contamination and diffusion of PFFs into the non-target
chambers. Cultures were incubated for a further 7 days.
Media was refreshed by ensuring the volumes in the target
chambers always remained lower than in the adjacent
chambers. Immunocytochemical staining was performed on
cultures after 14 DIV. To quantify the level of pSer-129-α-syn
in target and non-target chambers, fluorescent images were
converted to binary in ImageJ, and the areas of pSer-129-α-
syn and βIII-tubulin staining calculated. The level of pSer-
129-α-syn was then presented with the area of pSer-129-α-syn
as a percentage of the area of βIII-tubulin.

Immunocytochemistry

Immunocytochemical staining was performed on cultures as
previously described.37,38 Cells were washed with phosphate
buffered saline (PBS) and fixed with ice-cold
paraformaldehyde (4%) for 10 minutes. Cells were then
permeabilised using Triton-X 100 (0.1% in PBS) applied for
10 minutes. Washed with PBS and incubated with a blocking
solution containing foetal bovine serum (FBS, 5% v/v) and
BSA (1% w/v) in PBS for 1 hour at room temperature. Primary
antibodies were diluted in blocking solution (1 : 500) and
incubated with the cultures at 4 °C overnight. Antibodies
used were rabbit anti-βIII-tubulin (T2200, Sigma-Aldrich, UK;
neuronal marker), mouse anti-synaptophysin (AB8049,
Abcam, UK; synaptic vesicle marker) and chicken anti-GFAP
(AB5541, Sigma-Aldrich, UK; glial fibrillary acidic protein,
marker for astrocytes). For PFF experiments, rabbit anti-α-
synuclein (phosphorylated serine 129; AB51253, Abcam, UK;
1 : 300 in blocking solution) primary antibody was used for its
robustness at specifically targeting phosphorylated and not
wild-type α-synuclein,62 alongside mouse anti-βIII-tubulin
(AB78078, Abcam, UK; 1 : 500 in blocking solution) were used.
Cells were then rinsed with PBS and incubated with the
relevant fluorescently labelled secondary antibodies, all
diluted 1 : 200 in blocking solution, for 1 hour at room
temperature (anti-rabbit or anti-mouse Alexa Fluor 488; anti-
rabbit or anti-mouse Alexa Fluor 555; and anti-chicken Alexa
Fluor 633; all from ThermoFisher, UK). Finally, cells were
rinsed 3× with PBS and wells filled with PBS prior to imaging
on an inverted microscope (AxioObserver 7, Zeiss, Germany),
with images taken using an ORCA-Flash 4 camera
(Hamamatsu, Japan).

Calcium imaging

Calcium (Ca2+) imaging was performed as previously
described37,38 to determine synaptic connectivity between
fluidically isolated neuronal populations in 2-module and
3-module device configurations. All devices used had straight
microchannels between modules which enables bidirectional
neurite connectivity. Cells were rinsed in a HEPES-based
solution (HBS) consisting of (in mM): 140 NaCl, 2.5 KCl, 2

MgCl2, 10 HEPES, 10 D-glucose, 2 CaCl2. The pH was adjusted
to 7.4 ± 0.02 using NaOH, and the osmolarity adjusted to 310
± 2 mOsm using sucrose when required. Cells were loaded
with Fluo-8 AM (4 μM in HBS) for 1 hour at room
temperature and rinsed 3× with HBS prior to imaging. All
experiments were performed in HBS by creating hydrostatic
pressure gradients across the different modules by
appropriately controlling fluid volumes in the open wells
(Fig. S2†).

In 2-chamber devices, L-glutamate (G, final concentration,
100 μM) was added to induce cell depolarisation in one
chamber (direct side) whilst monitoring calcium responses in
both chambers, followed by addition of KCl (final 30 mM) to
the opposite chamber. In 3-chamber devices, a zero-
magnesium HBS solution (0 Mg2+ HBS) was added in one
chamber (direct side) to induce neuronal bursting
activity42–44 and spontaneous Ca2+ responses monitored in
the two adjacent indirect chambers. At the end of
experiments, KCl (final concentration, 30 mM) was added to
confirm neuronal viability and allow distinction between
neuronal and non-neuronal signals. Images were obtained
using an inverted microscope (AxioObserver 5, Zeiss) and
EMCCD camera (LucaR, Andor Technology, NI) with a frame
rate of 2 Hz and exposure time of 0.2 s (Andor SOLIS). A 5×
objective was used for a field of view encompassing the
central microchannels with a portion of culture chambers on
either side. Recordings were saved as a TIFF. Regions of
interest (ROI), corresponding to cell somas, were highlighted
in Fiji (ImageJ) and raw data exported to Excel for manual
analysis. Ca2+ events were considered as an increase of 0.5
NFU above the preceding or background intensity over each
period of observation. These were then counted for each cell
and presented as the number of events/cell per s during that
period of observation.

Statistics

All data are expressed as mean ± standard error of the mean
(S.E.M.), with Minitab Express or GraphPad Prism used to
perform statistical analysis. One-way ANOVA with Tukey's
post hoc test or unpaired student's t-test were used, with p <

0.05 taken as significant in all cases.
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